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Nuclear Transport at Low Excitations
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Numerical computations of transport coefficients at low temperatures are presented for shapes
typically encountered in nuclear fission. The influence of quantum effects of the nucleonic degrees
of freedom is examined, with pair correlations included. Consequences for global collective motion are
studied for the case of the decay rate. The range of temperatures is specified above which this motion
may be described as a quantal diffusion process. [S0031-9007(99)09304-7]

PACS numbers: 05.60.Gg, 24.10.Pa, 24.75.+i, 25.70.J]

In the past decade much progress has been made inin the present Letter we want to focus on very low exci-
the understanding of nuclear transport phenomena in thiations, say in the range beldiv= 1 MeV. This regime
regime of not too low temperatures, say between 1 andot only is of great practical importance, as for the produc-
5 MeV (with kg = 1). Such a situation is reached if tion of superheavy elements [7], for instance, it is also of
two heavy ions collide at an energy above the Coulomigreat theoretical interest. First of all, there is little doubt
barrier, but where the excess energy per particle still ishat in this domain quantum effects dominate nucleonic dy-
small compared to the Fermi energy. In this regime thenamics, and the transport coefficients will strongly be in-
dynamics of the composite system may be parametrizefiuenced by shell effects and pair correlations. One even
in terms of shape variables. Of particular interest is themust expect quantum features to be present for collective
outgoing channel which is dominated by fission and themotion, for instance, as corrections to Kramers formula for
emission of light particles ang’s. It has been possible the decay rate [8]. Often quantal approaches are based on
experimentally to deduce valid information on the timethe functional integral method applied to simplified Hamil-
scale of collective motion [1], and, hence, on the size otonians of the Caldeira-Leggett type (for a review, see [9]).
nuclear dissipation. These experiments suggest collectivEhere, the bath degrees of freedaprare represented by a
motion to be overdamped, possibly providing an answeset of oscillators of fixed frequencies, with a bilinear cou-
to the question raised by Kramers as early as 1940 ipling between the; and the collective variabl@. The de-
his seminal paper [2], namely, whether nuclear frictioncay rate is calculated for imaginary time propagation. Both
is “abnormally small or abnormally large.” Nowadays features hardly can be taken over to nuclear fission. First
such processes are described theoretically in terms aff all, the simplest constraint to warrant self-consistency
the Langevin equation [3], which is understood to bebetween the mean field and the shape of the nuclear density
equivalent to Kramers’ original equation (of Fokker- requires the former to change with. This aspect alone
Planck type) for the density in collective phase space. makes it very difficult to work with a (prefixed) Hamilton-

On general grounds, it may be anticipated that theéan for the total system of all degrees of freedom. More-
magnitude of nuclear dissipation will vary with excitation. over, the temperature, which one may define [10] for the
Indeed, there are experimental indications [4] for such dast degrees of freedom (supposedly given by the “nucle-
conjecture. At small thermal excitations the dynamics isonic” ones), is subject to changes withas well as with
governed by the (real) mean field for which there is notime. The latter feature occurs because of the evaporation
room for damping of slow collective motion fission. At of particles mentioned before.
largerT coupling to more complicated configurations sets For these reasons a formulation with real time propa-
in, which causes transfer of energy from the collectivegation is much more appropriate. This has been achieved
degrees of freedon®,, to the nucleonic ones;. Within by a suitable application of linear response theory on the
the linear response approach [5] the effects of thidasis of a locally harmonic approximation (LHA) (for a
coupling are accounted for by dressing the single particleeview, see [5]). One exploits the concept of propagators
energies by complex self-energies depending both owhich move the system forward in collective phase space
frequency and7. Approximating its imaginary part by small time steps. As the individual ones only cover
by a constant proportional t@?, friction will again  small areas they may be represented by (multidimensional)
decrease witlT', once the microscopic damping becomesGaussians. The latter satisfy an equation of motion whose
so large that one may speak of “collision dominance."structure is similar to that of Kramers, with only the diffu-
At intermediate temperatures there might be the intricatsive terms being modified to account for quantum effects.
contribution to friction from the “heat pole,” which has  The following study is based on numerical calculations
been seen to be large for nonergodic systems [6], andf transport coefficients for average motion, namely,
which has a dramatic influence on tfiedependence. friction vy, inertiaM, and local stiffnesg’, more precisely
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of those ratios which determine transport in phase spacefFor our purpose the common procedure does not suf-

ro_ Y , | Cl _r, v fice, however. As mentioned previously, a decent and
YT M v 7T 0 wWMicl sensible d“esc'rlptlon”of nuclear dissipation needs to ac-

(1) count for coII|_3|0ns. At Iovv_ thermal excitations their

, ) L effects, too, will strongly be influenced by pair correla-

Their knowledge will allow us to examine implications tjons | ook at the extreme case of zero temperature and

on the diffusion coefficients and, hence, on transporfaye an even-even system for the sake of simplicity. Then

processes such as fission. It would be most desirable thgte e \ill be no quasiparticle states within twice the gap

such information be used as input for computational COdeénergyZA. Hence, the imaginary part of the self-energy

to solve for Fokker-Planck or Langevin equations. In thisr(ﬁw’ A,T = 0) must be zero at least within such a range

way one would be able to examine in more detail the rolg, frequenciegiw. Hence, afl’ = 0 friction will strictly

of shell effects, which are known to produce structure not, 4 ish for any collective motion whose frequency=

only in the static energy but in the inertial and frictional |iag in that range, i.eiw = 2A. Extrapolating from the

forces as well. To simplify matters, for the present oqe oty — ( to finite T we should expect the function

purpose we will look at t_hg more schemaf[ic case wherq/ — y(T) to have a steplike behavior. This dependence
the system’s energy exhibits just one minimum and ONgnen goes through to that df, and 7, albeit the inertia,
barrier atQ, andQy, respectively. The stiffnesses and the;y, is influenced by pairing.y

barrier height are found from a Strutinsky calculation of | ot ;s demonstrate these features on the basis of nu-

the free energy. Finer details of shell effects are removed, rical calculations performed for the example?¥fTh.

both from the potential as well as from the transporteq. qetails we have to refer to [14], but we may men-

coefficients by applying a suitable smoothing over a smal{ion that theT'(fiw, A, T) has been calculated along the

region of the collective V"?‘”ab'_e arourggl, and Q. lines suggested in [15]. In Fig. 1 we display th€T)'s
Suppose we may at first discard any quantum effects; o minimum and the barrier. They have been ob-

in the collective degrees of freedom, which amounts tQ ied for aA = A(T) as determined by the gap equa-

look at the “high temperature limit,” for which Kramers (iion' Unfortunately, so far it has not been possible to
equation applies [5]. The temperatures we have in mind,cylate the underlying response functigiie) in full

are always small compared to the barrier heighi E,.  giory. Rather, when evaluating the necessary folding in-

The decay rateRg then shows the following behavior. o455 over frequency the correct width had to be approxi-

For givenT, but as a function of they, (at the barrier), mateq by a constant, calculated at the Fermi energy
the Rg(n,,T) increases first, to decrease after it hasr (s, A T) = T(iw = w,A,T). Indeed, in this regime

reached a maximal value (see, e.g., [11]). The decreasir}g smallw and forT = T,,;,, where pair correlations dis-

branch is represented well by Kramers *high viscosity gnnear, such an estimate may be considered to represent the
limit” [2] correct width well enough to allow for a general analysis.
— Ya 2 _ _ Evidently, the values ofy’s obtained forA # 0 clearly
Rk 27 W1+ m; = mo) eXR=Ep/T), @ fall well below those of the unpaired case, shown here by
which is valid for n, = T/(2E,) (see, e.g., [9]). If the dashed lines.
blindly extended down tap, = 0 this form Rg reaches
a value typical for a simple transition state modegkr =

r(n, = 0) (Bohr-Wheeler formula). Rather, for very 0.2

small n,, one ought to apply Kramers’ “low viscosity

limit,” given by Rg“ = I'2(E,/T)exp(—E,/T). For e, i
nuclear physics the latter has not played any role yet, o 01

as n is believed to lie above the limit given below
(2). According to [5,12,13] this should be the case at -

temperatures above 1 MeV. Moreover, thedoes not 09 === 55 o
change much witir'. In [12] a value of about MeV/# 0.4 :

was found both at the potential minimum as well as at
the saddle. It so turns out that this feature is more or
less recovered even at smallgy say within an accuracy o o0z}
of the order of 20%, which may be good enough for the
following discussion.

More drastic modifications are expected, and indeed 0.
seen, for dissipation. To study this behavior, thel,,
and n have been calculated on the basis of the same ~ ; 10 damping facton = /(2/MIC]) at the poten-

deformed shell model as in [12] but with pair corre- a1 minimum (top) and at the fission barrier (bottom)?fTh:
lations included. The transformation from independenthe dashed curves are far = 0. The long-dashed line in the

particles to quasiparticles of the BCS-type is standardbottom part shows the functich/2E,.
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The most important features exhibited in Fig. 1 may beFrom the results shown above fef(T)), one may thus
summarized as follows, together with the consequenceargue the relation (3) to be acceptable for temperatures
for Kramers’ decay rate: (i) The steplike function men-below Ty,;;, whereas deviations must be expected for
tioned before is clearly visible. (i) BeloW =~ Tp,i, = T = Tpir. For C < 0 and weak friction the diffusion
0.5 MeV the effective damping rate) is smaller than coefficient D,, falls below the values given by the
about 0.1. (iii) As seen in Fig. 1y may fall below Einstein relation. It quickly drops to zero at a critical
T /2E;, such that formula (2) no longer applies. (iv) Up temperatureT,, below which theD,, would become
toT = 1 MeV 7 stays below=0.2 at the minimum and negative and the diffusion equation would loose its
below =0.3 at the barrier. The latter value implies that meaning. The value of thif. decreases with increasing
the rate may be approximated fairly well by the transitionn, such that the form given in (3) delivers an upper limit
state valuerrst = Rx(n = 0); see (2). (v) These values and we may write
of » are much smaller than those one gets within “macro- P _
scopic models,” say in terms of a combination of wall Te=Teln = 0) = hwy/m Te < Tpair - (4)
friction with the stiffness and inertia of the liquid drop The statement on the right is reached assumingitiag
model (with irrotational flow). to be of the order of 1 MeV and taking the value #Q;,,

In Fig. 2 we plot the ratio of Kramers’ prefactgg =  as reported above, together with the fact that belQyy;

(/1 + n2 — n,) obtained from our results to that of the the damping rate; falls below 0.1.

macroscopic limit just described [16]. It is seen that the Commonly, the quantum corrections to Kramers decay
latter underestimateghe decay rate by about a factor rate are expressed by a factgp appearing in the
of 10. Quantum corrections will increase this deviationcorrect rate ask = foRk (see, e.g., [9]). As shown
further, indicated here by the dashed curve. in [8], this form may also be obtained within the LHA.

Within the LHA, these quantum corrections come in This derivation is based on the assumption that in the
through the diffusion coefficients, as given by the fluctua-n€ighborhood of the potential minimum friction is large
tion dissipation theorem [5]. It is only at temperaturesenough to ensure sufficient relaxation inside the well. The
above 2 MeV that one may safely assume the classigame assumption is behind Kramers’ high viscosity limit,
Einstein relationD,, = yT to be valid [5]. In the upon which we just have convinced ourselves to be given
general case, in addition to thB,, there is a cross in the range of temperature A}.i: and above. Moreover,
term D,,, both of which depend in a nonlinear way this assumption turns out to be necessary also when the
on combinations 0M, v, and C, or on the parameters problem is formulated and solved with path integrals in
introduced in (1). The diffusion coefficients behavereal time propagation (see [17]).
very differently for stable and for unstable modes. To The fp can be expressed by a ratio of two partition
demonstrate this feature let us look at the limit of smallsums: fo = [Z,|/Z,, where the one associated to the

dissipationnp <« 1. To lowest order iny one gets
e
2T

3)
with w = /C/M = |w| for C > 0 and w = i|w] for

B J
D,, =0 D,, = yT* with T*(w) = Tm cotf(

barrier has to be defined by analytic continuation. Ac-
cording to [18], theZ of a damped oscillator can be calcu-
lated from the equilibrium fluctuations of momentum and
coordinate. Hence, within the LHA it might be expressed
by the diffusion coefficients. Unfortunately, for # 0 a
calculation of the momentum fluctuation requires regular-

C < 0. The form (3) may be said to represent the correcfzation, for instance, by introducing a frequency depen-

behavior fairly well belown, = 0.1 (see Fig. 3.4.2 of [5]).

dent friction coefficient (Drude regularization). To get a

fairly simple estimate of;, and its7' dependence we used
the following formula (withZw, = n2#T):

16.0 — T . 2 — 2 a b
\ + 0,0 +w — Iy +Tr
. fo=T] Ut la T i T, = Y
\ 1 n=1 a)% + (Unry — Wy 2

H ‘ j (5)

%_x 12.0 | It may be noted in passing that (a) without (Drude)

N regularization this formula would diverge fdr¢ # I'’

s and (b) problems of this type are absent for the Caldeira-
Leggett approach where the transport coefficients do not
change with the collective variable; generalizations are

89.0 possible, though, for instance, by introducing variable

FIG. 2. The ratio of the Kramers correction factgg =
V1 + 7} — m, to its macroscopic counterpart as a function
of temperature. The quantityyfx/fi " accounts for the
guantum correction factof,; see Eq. (5).

coefficients phenomenologically; see, e.g., [19]. The
result of a numerical evaluation of (5) within our theory

is shown in Fig. 2 by the dashed curve. This graph
demonstrates several features, valid in this range of
temperatures: (i) The quantum effects in the collective
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motion may change the decay rate by about 30% or less. The authors acknowledge fruitful discussions with
(ii) Already at T = 1 MeV they amount to only about J. Ankerhold and N.V. Antonenko. This work was
10%. (iii) More important are the quantum effects of supported by the Deutsche Forschungsgemeinschatft.
nucleonic motion, which are responsible for the deviation

of the transport coefficients from the macroscopic models.
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